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ABSTRACT: Poly (vinyl alcohol) (PVA) composite membrane as separator-cum-
electrolyte for li-ion battery was prepared via solution casting method. Hydrophilicity
of PVA helped to substitute flammable, toxic solvents with deionised water. Lithium
bis(oxalato) borate (LiBOB) electrolyte salt was incorporated in the membrane to form
[flexible self-standing membrane of composite polymer electrolyte (CPE). To further
enhance the ionic conductivity, CPE membrane was immersed in IM LiBOB salt dissolved
in deionised water. Neat PVA membrane would have been dissolved instantly in any
solution involving water, introduction of LiBOB electrolyte salt deprived the hydrogen
bond which transform it into an insoluble CPE membrane. EIS measurement showed that
salt immersion boosted the CPE membrane ionic conductivity by four orders of magnitude,
Jrom 4.77x107 S/cm to 1.93 %107 S/cm at room temperature.

Keywords: LiBOB, polymer composites, polymer membranes, Li-ion battery, salt
immersion

1. INTRODUCTION

The rise of renewable energy starts to demand the advancement of energy storage.
The development of lithium-ion (Li-ion) battery is also pushed constantly beyond
the limit, answering challenge proffered by rapid progress of modern gadgets and
sophisticated electronic devices.!
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As a crucial element of Li-ion batteries, electrolyte materials and performance
were observed from many points of view. Commercially available Li-ion battery
containing liquid electrolyte possess high conductivity, but its long-term stability
is hindered by possible leakage and solvent evaporation.>* Furthermore, recent
events have shown that even these modern batteries are inevitably prone to fire
and explosion.* Substantially, these problems can be easily answered by polymer
electrolytes if not for their relatively low conductivity at ambient temperature.>¢
Polymer electrolyte membrane also shows poor behaviour when in contact with
electrodes. Advanced polymer electrolyte composites incorporate plasticisers
as well as ceramic and oxide fillers to decrease polymer crystallinity, therefore
enhancing its ionic conductivity.’

Lithium bis(oxalato)borate, LiBC,0, (LiBOB) was proposed as potential
substitute for conventional lithium hexafluorophosphate (LiPF) electrolyte salt.
LiBOB offers better thermal stability as high as 300°C and is proven to increase
the amorphousness of polymer electrolyte complex.® Unlike LiPF,, LiBOB does
not release harmful gases upon contact with the slightest amount of moisture
owing to its fluorine-free structure.’ Polyethylene oxide (PEO) was opening the
path of polymer electrolyte research, but its poor mechanical integrity still needs
more improvement.'’ Poly (vinyl alcohol) (PVA) was used instead in this study
due to its non-toxic trait as well as its mechanical and electrical properties.'!
Excellent solubility of PVA in water helps further in eliminating the use of N,
N-Dimethylacetamide (DMAc) solvent, which was identified by the European
Commission of Health Agency as a substance of a very high concern (SVHC) due
to having the status of medium potency reproductive toxicant.'?

This study reports fabrication and characterisation of PVA/LiBOB composite
polymer electrolyte. The resulting membrane was immersed in electrolyte solution
containing LiBOB salt. Typically, electrolyte salt is dissolved in carbonate solvent
before assembling into battery cell. In this experiment LiBOB was dissolved in
deionised water. In the relevant studies thus far, we have found several examples
of solid polymer electrolyte immersed in carbonate-based liquid electrolyte as
well as basic solution, but no mention of aqueous electrolyte salt solution. '3-1¢

2. EXPERIMENTAL METHOD

2.1 Fabrication of Solid Polymer Electrolyte

PVA (MW 31,000-50,000, 87-89% hydrolysed, Aldrich) was used without further
treatment. LiBOB (Aldrich) was heated overnight to remove trace moisture.
Deionised water was obtained from Evoqua LaboStar PRO TWF UV ultra-pure
water system with measured conductivity at 0.055 pS.
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PVA-based composite polymer electrolyte was prepared by solution casting
method. The composition of PVA and deionised water was kept at 1:10 w/v.
PVA solution was stirred vigorously for 3 h—4 h at 90°C until all solute dissolves
into clear solution. LiBOB electrolyte salt of 20% PV A weight was subsequently
added. It was stirred for two more hours until homogeneous, opaque slurry was
obtained.

The solution was then cast onto a petri dish, where it was placed in a desiccator at
room temperature for 72 h. Free-standing film of polymer electrolyte membrane,
denoted by sample PVA-20, was peeled from petri dish, and stored in a dry box
to prevent moisture contamination. Similar membrane was fabricated only with
PVA without salt electrolyte, denoted as sample PVA-0.

2.2 Membrane Immersion

Swelling behaviour was observed prior to membrane immersion. The 1M LiBOB
liquid electrolyte was prepared by dissolving appropriate amount of LiBOB salt
in deionised water. PVA membranes obtained from previous step was cut into
a circle with 17 mm diameter and then immersed into the solution for a certain
amount of time until it reached equilibrium. The electrolyte uptake, E, of PVA-
LiBOB membranes was measured using following equation:

Wi

Wi W0 5 100% (1)

="

where Wt and Wo are the weight of the wet and dry membrane, respectively. For
wet membrane weight measurement, the membrane was taken off the solution
and the surface were wiped gently using filter paper. After final measurement, the
membrane (denoted as PVA-20-IM) was dried in the oven to fully evaporate the
remaining solvent.

2.3 Material Characterisation

The ionic conductivity of the composite polymer electrolyte (CPE) membrane
was determined using electrochemical impedance spectroscopy (EIS). The CPE
sandwiched between two stainless steel (SS) blocking electrode resulting in
SS/CPE/SS configuration in the CR2032 coin cell as shown on Figure 1. EIS
measurements were conducted using Metrohm Autolab Nova in the frequency
range of 0.1 Hz—50 kHz.
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Figure 1: Schematic diagram of CR2032 coin cell configuration for EIS measurement.

Functional groups and their interaction within the polymer electrolyte membranes
were observed using FTIR spectroscopy Thermoscientific Nicolet iS10, working
at wavenumber range of 4,000 cm'—400 cm™'. X-ray diffraction spectra of the
composite polymer membranes were performed using Rigaku Smartlab with
CuKa, working at 20 value range of 10°-90°. Lithium concentration within
solution before and after salt immersion was measured using ICP-OES Agilent
Technologie.

Surface and cross section morphology were investigated by scanning electron
microscope (SEM) Hitachi SU-3500 operated at 5 kV to minimise beam damage.
All samples were gold-coated using ion sputtering prior to observation.

3. RESULTS AND DISCUSSION

Surface and cross-section morphology of PVA membrane without electrolyte salt
addition was shown on Figure 2(a). It displays smooth and homogeneous surface
across the surface and cross-section. Membrane thickness of 100 um (inset) was
measured with the help of ImagelJ software. Shards of LiBOB particle on smooth
PVA matrix was displayed on Figure 2(b), indicating homogeneous mixing of
the CPE precursor. The polymer substrate appeared as smooth as neat PVA film.
Membrane thickness (inset) was increasing to 148 pm with homogeneous layer
across the cross section, top to bottom.
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(a) (b) (©)
Figure 2: SEM micrographs of (a) PVA film, (b) PVA-20 and (c) PVA-20-IM.

After immersion, however, salt particles were seen spreading atop the substrate,
giving rough appearance (Figure 2[c]). Small pores shown in the inset of Figure
2(c) are also visible, giving way to Li atoms to move between electrodes.

Shown on Figure 3 are FTIR spectra for pure PVA and LiBOB in powder state, and
the dried CPE membranes. Neat PVA on Figure 3(a) was characterised by peak
absorptions located at 3,307 cm™, 2,916 cm™' and 1,100 cm™! which corresponds
to —OH, C-H, and C—C—O vibration, respectively.!” C-O stretching was indicated
at 1,095 cm™."® These peaks were strikingly similar to PVA-0 spectra, which
suggested mixing, casting and drying process have no influence on the functional
groups.

Characteristic peaks of LiBOB material were shown on Figure 3(c), such as
1,820 cm™ for C=0O stretching and 1,415 cm™! for C-C=0O stretching, then
1,307 ecm™, 1,205 cm™and 1,087 cm™ for vibration of CO-B-OC, O—C=0 and
O-B-0, respectively. Peaks around 1,630 cm™ corresponds to O—H stretching
and bending of adsorbed water. O—H bending of crystal water was indicated on
peaks around 1,670 cm'-1,685 cm™!. Crystal water was formed upon prolonged
exposure of LiBOB powder (or membranes) in highly humid atmosphere.’
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Figure 3: FTIR spectra of (a) PVA powder, (b) PVA-0, (c) LiBOB powder, (d) PVA-20
and (e) PVA-20-IM.

After immersion process, C-H vibration around wavenumber 2,907 ¢cm™! has
diminished into almost unseen peak, indicating LiBOB salt aggregation due to
the final drying process. This was also confirmed by the SEM observation seen
on Figure 2(c). Peak shifting as well as new peaks, however, arises because
of increasing polymer-Li interaction. Shifting of C—O peak around 1,095 cm™
indicates coordination between Li cations from LiBOB and the PVA substrate.
Immersion process apparently also helps with LiBOB complexation in the
substrate, seen from LiBOB fingerprints on Figure 3(d) has disappeared or shifted
on Figure 3(e).

X-ray diffraction patterns of pure PVA and LiBOB powder as well as CPE
membranes were shown on Figure 4. The d-values for pure LiBOB salts have
been found to match with ICDD data.'” Prominent peak around 26 = 19° indicates
semi-crystalline nature of pure PVA both in powder and membrane form.*
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Figure 4: XRD spectra of PVA powder, PVA-0, LiBOB, PVA-20 and PVA-20-IM.

Addition of electrolyte salt is enough to disrupt the hydrogen bonding along the
major chain, causing PVA to withstand dissolution in the salt solution during
immersion.!? It can be seen with decreasing crystallinity with the introduction of
electrolyte salt, as presented on spectra PVA-20 as well as PVA-20-IM (4" and 5™
from the top, respectively) on Figure 4.

Swelling behaviour during salt immersion can be observed on Figure 5. Increase
in electrolyte uptake might still be possible even after 72 h but most likely become
disadvantageous since deposits of crystal hydrates started to appear on the surface
of the membrane, as seen on the inset picture. The appearance of these crystals
was observed after 48 h of immersion, and the white spots continued to grow until
last sampling measurement.

ICP measurement was taken on the salt solution right before (0 h) and after
72 h of immersion. The result shows that Li concentration in the solution has
decreased from 41,088 ppm to 33,606 ppm which indicated 18.21% Li uptake
on the membrane. This resulted in the upsurge of ionic conductivity of the CPE
membrane, as discussed below in the EIS section.
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Figure 5: Electrolyte uptake curve of CPE membrane during salt immersion.

Nyquist plot from EIS measurement was presented on Figure 6. Typically, the
plot involves a semicircle at high frequency range and a line at lower frequency,
where they represent charge-transfer impedance (bulk material properties) and Li-
ion diffusion impedance on the electrolyte/electrode interface, respectively.?!solar
cells, batteries and supercapacitors. Two types of polymers have been used;
synthetic and natural polymers. This article discusses solid and gel polymer
electrolytes (GPEs Bulk resistivity value acquired from the plot was then used to
calculate membrane ionic conductivity, n, equation n = t/(Rb*A) where ¢ stands
for polymer electrolyte thickness, A for electrode area, and Rb for bulk resistance
obtained from the impedance plot, where the curve on high frequency area
intercepts the real impedance axis. An equivalent circuit was obtained from curve
fitting using EIS Spectra Analyser software, indicating bulk resistivity R as well
as interfacial interaction indicating by constant phase element CPE and Warburg
impedance W.22
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Figure 6: Nyquist plot of neat PVA membrane (PVA-0) as well as CPE membrane before
(PVA-20) and after (PVA-20-IM) immersion process.
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Ionic conductivities of the samples are summarised in Table 1. Addition of salt
electrolyte in sample PVA-20 resulted in less than 0.1 pS/cm increase in the ionic
conductivity; 4.77 x 10”7 S/cm is far too low to substitute liquid electrolyte. This
could be attributed to limited amount of Li-ion as charge carrier.

Table 1: Ionic conductivity of CPE membranes.

Sample Ionic Conductivity (S/cm)
PVA-0 3.95x 107
PVA-20 4.77 x 107
PVA-20-IM 2.06 x 107

Hydrophilicity of PVA and LiBOB salt would aid the attempt to increase the
salt concentration to enhance the ionic conductivity, provided minimum salt
aggregation and maximum salt dissociation.?*?* Careful consideration of salt
addition has been described by Wang et al. who observed decreasing ionic
conductivity with increasing salt concentration.?® It should also be noted, however,
that lithium salt anion has a great influence to stable SEI film formation as well as
solvation-desolvation process.?’

4. CONCLUSION

Composite polymer electrolyte with PVA as polymer host and LiBOB salt as
electrolyte has been fabricated through solution cast technique, producing free-
standing membrane. Deionised water was capable to dissolve both PVA and
LiBOB salt into homogeneous slurry, indicating that this process is potentially
scalable in the future. FTIR result has shown slight amount of adsorbed moisture,
but no decomposition products were found, suggesting this CPE is stable in room
temperature. Immersion of CPE in LiBOB solution in water presented significant
increase in ionic conductivity, from 4.77 x 107 S/cm to 2.06 x 10 S/cm, as
calculated using impedance data obtained from EIS measurement. Li uptake
during immersion was found to be 18.21% at equilibrium. Considering recent
breakthrough on solid-state batteries for electric vehicles, this PVA-LiBOB-
based CPE is highly viable as it employs more environmentally friendly materials
compared to conventional Li-ion battery with carbonate-based liquid electrolyte.
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